Despite the enhancing effects of hyaluronidase (HYAL) over duration of anesthesia, this enzyme could cause adverse effects when injected concomitantly with local anesthetics in dental blocks. Objective: This study aimed to assess the tissue alterations caused by a local anesthetic protocol consisting of a late HYAL injection and confirm its functional effectiveness. Materials and Methods: The protocol efficacy was proved by evaluating sensory and motor functions in rats. The sciatic nerve was blocked with 2% lidocaine (LID) with epinephrine (n = 25). Thirty minutes later, 75 TRU/ml HYAL was injected into the same site (experimental group, LID/HYAL). One week later, this protocol was repeated in the contralateral hindlimb, injecting only HYAL's vehicle (control group, LID/vehicle [LID/V]). To observe the integrity of the local tissues, histological specimens were obtained 1, 24, 48, and 72 h after treatment with LID/HYAL or LID/V (n = 16 each) and stained with hematoxylin/eosin and picrosirius red. Results: Local inflammation was similar in both groups. The integrity of the nerve fibers was preserved, in spite of some inflammation-associated injuries in the surrounding tissues. The reversible tissue disorganization caused by HYAL, probably facilitated the diffusion of the residual anesthetic to the nerve, resulting in a prolonged anesthetic effect (P < 0.05). Conclusions: No irreversible morphological alterations are caused by the administration of HYAL prior the end of the LID-induced block. Moreover, this protocol prolongs LID's anesthetic effect.
Introduction
Among the few long-acting local anesthetics, none can be safely used in certain systemically compromised individuals, such as cardiac patients. [1, 2] As an alternative to these long-acting drugs, several anesthetic adjuvants, such as the enzyme hyaluronidase (HYAL), have been developed. In ophthalmology, the concomitant use of local anesthetics with HYAL has shown advantages such as improving the anesthetic effect in retrobulbar and peribulbar blocks, [3, 4] reducing the onset time, [3, 5] and protecting the periocular muscles against bupivacaine-induced injury. [4] Its mechanism of action is focused on the hyaluronan cleavage. HYAL reversibly cleaves the ß-1,4 glycosidic bond of hyaluronan, a polysaccharide found in the extracellular matrix of connective tissues, [6] decreasing the viscosity of this matrix ("spreading factor"), and facilitating the diffusion of injected substances through the tissues. [6, 7] The coadministration of local anesthetics with HYAL has not been so useful in other peripheral blocks -such as inferior alveolar nerve block -in which it showed potential tissue-damaging effect, clinically observed as severe local pain and trismus. [8] A different protocol consisting of the late administration of HYAL, 30 min after the anesthetic onset in inferior alveolar nerve block, was effective in prolonging anesthesia; [9, 10] however, the histological effect of this protocol or those in ophthalmology using HYAL has never been assessed before. We hypothesize that by injecting HYAL at the moment when there would probably be a small amount of local anesthetic in the tissue, the drug's excessive dispersion and the related undesirable effects, brought by the concomitant administration, might be prevented.
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to extend the duration of sensory and motor block in rat sciatic nerve.
Materials and Methods
This study was approved by the local Ethics Committee for Animal Research (026/2013). Fifty-seven 12-week-old male rats (Rattus norvegicus, albinus, Wistar), weighing 250-350 g, were used. The animals were housed in a quiet room at 22°C, on a 12-h light/dark cycle, with food and water provided ad libitum. The rats were acquainted with the experimental conditions twice in the week before to avoid stress.
Nociceptive and motor block evaluation
Before the morphological analysis, the anesthetic efficacy of this protocol was evaluated. Twenty-five rats were anesthetized with 0.14 ml of 2% lidocaine (LID) hydrochloride with 1:100,000 epinephrine (DFL, Rio de Janeiro, Brazil) for sciatic nerve block. All the injections were performed by the same operator in the periarticular region of the hindlimb (popliteal space) using the Truant technique. [11] In the 30 th minute after the beginning of the anesthetic effect, 0.18 ml of 75 TRU/ml HYAL (Apsen Farmacêutica, São Paulo, Brazil) was injected into the same site (experimental side: LID/HYAL). The injection moment was determined in a preliminary experiment (n = 4) where the average (mean ± standard deviation) duration of action of LID with epinephrine was found to be 40 ± 9 min. One week later, the LID injection was repeated in the contralateral hindlimb and 30 min later, 0.18 ml of the HYAL's vehicle was injected (control side: LID/vehicle [LID/V]). Each hindlimb was used as an experimental unit.
The mechanical-nociceptive response was evaluated by applying painful pressure stimuli with an analgesy-meter (Analgesy-meter TM , Ugo Basile, Monvalle, Italy) every 10 min. A linearly increasing force (16 g/s) was applied in the dorsal part of the hind paw, between the third and fourth metatarsals. When there was paw withdrawal reflex or vocalization, the pressure was interrupted. The duration of the nociceptive block corresponded to the period when the paw withdrawal reflex was absent with score 25 (rat supports 250 g pressure, the cutoff to avoid injury) and no pain. The painful stimulus was stopped with the return of pain.
To evaluate the motor block, the animals were raised by the dorsal part, and their hindlimbs were lifted off in a supporting surface (platform balance, Ohaus Lopro, Fisher Scientific, Bridgewater, NJ). Under these circumstances, the tibiotarsal joint normally extends to reach the floor (extensor postural thrust), but this reflex is lost under anesthesia. Complete block of motor function was defined as the complete absence of extension of the tibiotarsal joint and its duration comprised the period from the beginning of complete absence of extension of this joint to the recovery of movement. [12] All tests were performed every 10 minute, starting 10 minute before the injection of local anesthesia and continuing until complete functional recovery.
Morphological analysis
The animals were randomly assigned into two groups (n = 16 each): LID/V and LID/HYAL. The LID/V group was treated with 1.4 ml LID with epinephrine and 0.18 ml HYAL's vehicle (sterile distilled water, benzalkonium chloride, mannitol, and sodium chloride). The LID/HYAL group was treated with 1.4 ml LID with epinephrine and 0.18 ml HYAL (75 TRU/ml). In both groups, the injection for sciatic nerve block was performed by the Truant technique and the second injection occurred 30 minute after the nerve block began.
After 1, 24, 48, or 72 h from the last injection (n = 4/time/group), the animals were sacrificed by an anesthetic overdose of ketamine and xylazine (CEVA, Paulínia, Brazil). The sciatic nerve and surrounding tissues were dissected and fixed in methacarn solution (60% methanol, 30% chloroform, and 10% acetic acid) at 4°C for 3 h, processed, and embedded in paraffin. Transversal 5 µm-thick sections were stained with hematoxylin and eosin for morphological analysis and with picrosirius red for fibrillar collagen observation. Samples were observed under a microscope (Leitz Aristoplan, Wetzlar, Germany) with polarized light for picrosirius red staining. Two researchers independently and blindly evaluated the micrographs.
Images were captured with a CCD 72S (MTI) camera and processed with Adobe Photoshop 7.0. The integrity of the sciatic nerve fibers and the local connective tissue was analyzed using a score scale (set before the experiment began) from 0 to 3 [ Figure 1 ], according to the degree of inflammation and tissue injury: (a) No sign of inflammation (score 0), (b) Minor infiltration of inflammatory cells (score 1), (c) Moderate infiltration of inflammatory cells and degeneration of a few muscle fibers (score 2), and (d) Major infiltration of inflammatory cells and significant muscle fiber degeneration (score 3). The reversibility of the inflammatory process was considered with reduction in the score.
Statistical analysis
Normal distribution and equality of variance were evaluated with Kolmogorov-Smirnov and Bartlett's tests. Sensory block duration was analyzed by paired t-test and motor block duration was analyzed by Wilcoxon test. The morphological results were analyzed with Kruskal-Wallis and Dunn's tests with an alpha level of 0.05 (GraphPad Prism 7.0; San Diego, CA, USA). Table 1 shows the results of sensory and motor block duration. Compared with the treatment with vehicle, HYAL significantly (P < 0.0001) increased the sensory block duration by almost 60%. The LID/HYAL complete motor block duration was also prolonged (P = 0.0011) when compared with LID/V. In group LID/HYAL, the complete sensory recovery (return to baseline) occurred in approximately 110 min. All animals showed full recovery from the sciatic nerve block, with no signs of local or systemic toxicity over 24 h.
Results

Nociceptive and motor block evaluation
Morphological analysis
The morphological results are presented in Figure 2 and Table 2 . LID/V showed inflammatory cells after 24 h (median score: 1.5) and abundant macrophages, plasma cells, neutrophils, and lymphocytes after 48 h. This reaction slightly declined over 72 h. LID/HYAL showed a burst of inflammatory cells after 24 h and moderate tissue injury (median score: 2). The inflammation was increased after 48 h (median score: 3), with copious neutrophils, extravasation of red blood cells into the connective tissue, and disorganization of the fibrous extracellular matrix, suggesting disarrangement of the collagen fibers. Numerous macrophages were largely associated with degenerating/regenerating muscle fibers. There was a decline in the inflammatory process over 72h (median score: 2). No significant differences were observed between both groups at any timepoint [ Table 2 ].
Interestingly, the integrity of the nerve fibers was always preserved, even in the presence of some degree of inflammation-associated injury in the surrounding tissues. Although there was some disorganization of the connective tissue, especially of collagen fiber bundles, the collagen in the external nerve sheath was only partially affected, always in accordance with the degree of inflammation. The dense, picrosirius red-stained connective tissue involving the nerve showed slight alterations [ Figure 3 ].
Discussion
The initial experimental approach intended to prove the efficacy of a late HYAL injection in prolonging LID-induced anesthesia. In this study, the rat sciatic nerve was chosen for testing because it is a mixed nerve, similar to the inferior alveolar nerve and because it is considered a valid model for the experimental evaluation of anesthesia. [12, 13] Our results indicated that the use of HYAL before the end of the anesthetic effect postponed the conclusion of the complete nociceptive block induced by LID. The motor block was also extended although motor block has more frequently been observed with long-lasting anesthetics, such as bupivacaine. [1, 2, 14] HYAL probably facilitated the diffusion of residual anesthetic molecules surrounding the nerves at the time before anesthetic recovery and redirected these molecules to the nerve fibers, prolonging the nerve block. Nevertheless, further research is required to clarify the complete mechanisms by which this event might occur.
The interest in extending the anesthetic effect obtained with intermediate-action local anesthetics is due to their lower propensity to induce cardiotoxic and neurotoxic effects when compared with the long-acting types. This applies especially in accidental intravascular injections, as observed in animals [15] and in some case reports that have shown life-threatening cardiotoxicity caused by bupivacaine, [16, 17] levobupivacaine, [18] and ropivacaine [19] in humans. The mean value obtained for the duration of the sensory block with this protocol (79 min) is close to the duration of action of long-acting anesthetics such as 0.5% ropivacaine (about 85 min) [20] and 0.5% bupivacaine (90 ± 13 min). Therefore, HYAL could provide clinical advantages for use in medically compromised patients who have restrictions on the dosage of anesthetics or contraindications to adrenergic vasoconstrictors and long-acting local anesthetics. [1, 16, 21, 22] We injected HYAL 30 min after the complete block began, to ensure that the remaining local anesthetic molecules would be available to reach the nerve fibers, but this protocol could be experienced in other time intervals. Further research is also needed for testing higher concentrations of HYAL and different intermediate-acting local anesthetics.
In addition to confirming the functional effectiveness of this anesthetic protocol, histological parameters were evaluated for the first time. The results demonstrated that the anesthetic injection with HYAL did not cause more local inflammation compared with the control group that received only HYAL's vehicle. This suggests that tissue disorganization and inflammation were mainly caused by the LID injection and not by the action of HYAL. Kalichman et al. [23] found tissue injury after LID injection (without HYAL) near the sciatic nerve of rats, which decreased within about 2 days, confirming this hypothesis.
Compared to the control, HYAL did not cause significant inflammation and local tissue injury, even though its vehicle was also present. This fact is in agreement with the study of Fronza et al. [24] that showed that HYAL modulates the inflammatory response and even accelerates wound healing in rat skin. Although alterations in the extracellular matrix had occurred and that this effect may be an important step in the mechanism by which HYAL prolonged anesthesia, signs of repair were observed in the last timepoints [ Figure 2 and Table 2 ].
A small degree of tissue injury was observed, which was always associated with chronic inflammation. From 24 to 72h after the injury, there was an influx of macrophages that probably digested the degenerating muscle fibers, followed by another population of macrophages that were associated with muscle regeneration, respectively. Although HYAL itself is unlikely to be responsible for the inflammatory cell recruitment, this mechanism could be enhanced when combined with some factor that stimulates the recruitment of these cells, for example, hyaluronan fragments could participate in macrophage recruitment. [25] Even though HYAL administration was not expected to lead to collagen digestion, [26] we observed the disorganization of the extracellular matrix collagen fibers. As these collagen fibers are closely associated with hyaluronan, [27] the digestion of hyaluronan by HYAL might explain these effects. Nevertheless, even in the presence of inflammation, there was no damage or disruption to the nerve fibers although the dense connective tissue involving the nerve showed slight alterations when stained with picrosirius red [ Figure 3 ]. Thus, the tissue injury was restricted to the muscle and connective tissues. In addition, the full functional recovery of the animals after local anesthesia, with or without HYAL, confirms the absence of neural injury.
Conclusion
Taken together, our results suggest that HYAL, when administered prior to the end of the LID-induced block, can be employed to prolong the local anesthetic effect without irreversible morphological alterations and reducing the need for supplementary anesthetic doses. This extended duration might be sufficient for ending most clinical procedures and could be particularly helpful in patients with medical restrictions, in whom the use of local anesthetics or vasoconstrictors is limited.
